Abstract. Mosquito blood meals taken from humans and animals potentially represent a useful source of blood for the detection of blood-borne pathogens. In this feasibility study, Anopheles stephensi mosquitoes were fed with blood meals spiked with dengue virus type 2 (DENV-2) and harvested at serial time points. These mosquitoes are not competent vectors, and the virus is not expected to replicate. Ingested blood was spotted on Whatman FTA cards and stored at room temperature. Mosquito abdomens were removed and stored at −80°C. Control blood meal aliquots were stored in vials or applied onto FTA cards. After 4 weeks of storage, the samples were extracted using beadbeating and QIAamp Viral RNA kit (Qiagen Sciences, Germantown, MD). Recovered viral RNA was analyzed by DENV-2 TaqMan RT-PCR assay and next-generation sequencing (NGS). Overall viral RNA recovery efficiency was 15% from the directly applied dried blood spots and approximately 20% or higher for dried blood spots made by blotting mosquito midgut on FTA cards. Viral RNA in mosquito-ingested blood decreases over time, but remains detectable 24 hours after blood feeding. The viral sequences in FTA-stored specimens can be maintained at room temperature. The strategy has the potential utility in expedited zoonotic virus discovery and blood-borne pathogen surveillance.
INTRODUCTION
Mosquitoes are major vectors of arboviruses, many of which are associated with epidemic illnesses. [1] [2] [3] Virus isolation and molecular assay of targeted pathogens are common practices of arbovirus surveillance. 4, 5 Recently, the massively parallel high-throughput sequencing, that is, next-generation sequencing (NGS), has been applied for the discovery of novel arboviruses. 6, 7 However, captured blood-fed mosquitoes are not typically assayed for non-mosquito-vectored pathogens, even though their blood meals may contain a useful source of blood for the detection of pathogens in humans and animals. [8] [9] [10] [11] The practice of using blood-fed mosquitoes to conduct surveillance for human and livestock viral pathogens has been termed xenosurveillance. 11 This study explored the pathogen nucleic acid sequence stability in host blood after mosquito ingestion to determine if blood-fed female mosquitoes could be used as a source for virus/pathogen surveillance and discovery and ultimately a surveillance tool. Specifically, the study explored viral stability in the mosquito gut, the time interval that a nonreplicating virus can be detected in the mosquito after blood feeding, and the efficiency of recovering viral RNA.
MATERIALS AND METHODS
The experiment design is illustrated in Figure 1 and described in detail in the following sections.
Whole blood meal. A virus-infected blood meal was prepared by mixing 900 μL of dengue virus serotype 2 (DENV-2) strain KDH0139A-02 AFRIMS SR-0570 diluted to a titer of 2 × 10 5 plaque-forming unit (PFU)/mL, 300 μL of packed human red blood cells (O+; Key Biologics, Memphis, TN), and 300 μL of healthy human serum (A+; Key Biologics). The blood meal was pre-warmed to 37°C and then pipetted into a water-jacketed glass feeder covered with a parafilm membrane and maintained at a constant temperature of 37°C.
Blood meal prior-and post-feeding controls. Prior to the mosquitoes feeding, a 100 μL aliquot of the virus-infected blood meal was obtained and kept at 37°C for control purposes. To make pre-feeding controls, 3 μL was aliquoted into a vial (control CB0, N = 8) and 3 μL was spotted on Whatman FTA ® CloneSaver ™ Card (WB120028; GE Healthcare BioSciences Corp., Piscataway, NJ) (control CF0, N = 8). The same procedure was repeated with the remaining blood meal mixture after mosquito feeding to make post-feeding controls (controls CB1 and CF1).
Mosquitoes blood feeding and sample collection. Anopheles stephensi (Indian strain) mosquitoes were used in this study because anopheline mosquitoes are not competent vectors of DENV-2, and the virus is not expected to replicate in midgut tissue. 2, 12 Mosquitoes were reared under standard insectary conditions of 27°C, 80% relative humidity, and a 12:12 light/ dark cycle. Larvae were fed a diet of ground and pelleted fish food and adults were maintained on 10% sucrose solution before experimentation. Five-day post-eclosion mosquitoes were allowed to feed on the DENV-2 spiked blood meal for 1 hour. After feeding, blood-fed females were separated from those that had not been blood fed. Sixteen blood-fed females were removed and frozen as t = 0 samples (occurred about 40 minutes after blood feed because of the time it took to separate blood-fed mosquitoes from non-blood fed). Remaining blood-fed mosquitoes were returned to standard insectary conditions, and subsequent samples were collected at 4, 8, 16, and 24 hours from the end of the feed, respectively. At each time point, mosquitoes were frozen at −20°C for 30 minutes. Eight individual mosquitoes had their midgut blood specimens blotted on FTA card spots, allowed to dry on the FTA cards, and stored at room temperature, and eight additional mosquitoes had their abdomens cut and saved in each of 1.5-mL tubes and stored at −80°C.
Sample storage, nucleic acids extraction, and quantification. were stored at −80°C. All the FTA cards were kept in bags with desiccant packets stored in a Styrofoam pouch at room temperature for 4 weeks. All the stored samples were subjected to beadbeating and extraction to purify total nucleic acids. The FTA dried blood spot of approximate 5 mm diameter was cut into a 2-mL screw-cap microcentrifuge tube with one 3-mm glass bead and two 1-mm glass beads (Sigma-Aldrich, St. Louis, MO). After the addition of 560 μL AVL buffer and 5.6 μL of 1 μg/μL of RNA carrier (Qiagen Sciences, Germantown, MD), the microcentrifuge tube was vortexed by using BioSpec Mini-Beadbeater-16 (BioSpec Products Inc., Bartlesville, OK) for 45 seconds and then centrifuged at 14,000 × g for 5 minutes. The supernatant was collected, mixed with 560 μL of ethanol, and used in nucleic acids extraction with Qiagen QIAamp Viral RNA kit (Qiagen Sciences). The same protocol was used in the extraction of total nucleic acids from control blood meal aliquots and mosquito abdomens.
Quantification of DENV-2 RNA copy numbers. TaqMan quantitative real-time reverse-transcription polymerase chain reaction assay (qRT-PCR) was used to quantify DENV-2 genome copy number in the purified RNA samples as described previously in a study. 13 The instrument, Applied Biosystems (Foster City, CA) 7500 Fast Real-Time PCR System and software SDS version 1.4 were used in the analysis. DENV-2 RNA used as qRT-PCR standards was synthesized by in vitro transcription, FIGURE 1. Experiment design for the feasibility study of using blood meal in mosquito abdomens for blood-borne virus surveillance. Blood spiked with dengue virus type 2 (DENV-2) was used to feed Anopheles stephensi mosquitoes. Controls and mosquito blood meal specimens, kept in vials at −80°C or on FTA cards at room temperature, were subjected to storage, nucleic acid extraction, and analyses by real-time reversetranscription polymerase chain reaction (qRT-PCR) or next-generation sequencing. purified and quantified by using BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA).
Random amplification, MiSeq sequencing, and data analysis. The purified nucleic acids were subjected to reverse transcription using anchored random octamer and PCR amplification using the octamer and specific primer for the anchor sequence.
14 The resulted amplicons were sequenced by using MiSeq benchtop sequencer (Illumina, Inc., San Diego, CA) with Nextera XT DNA Sample Preparation Kit and MiSeq Sequencing Kit v2 (500-cycle). The quality-filtered sequence reads were mapped against complete genome sequence for DENV-2 strain S16803 (GU289914) with software Roche (Branford, CT) GS Reference Mapper (Newbler) V2.8. The number of mapped DENV-2 reads was divided by the total number of MiSeq sequence reads to determine the sensitivity or limit of detection (LOD) for the sequence-based viral detection.
RESULTS
Recovery of viral RNA from FTA card. All RNA extracts from the 3-μL aliquots or the FTA cards were positive in DENV-2 qRT-PCR assay, with C t value lower than the assay threshold C t value of 40. 13 The average concentrations (mean ± standard deviation) of DENV-2 extracted from the 3-μL aliquots of whole blood (N = 8 independent samples in parallel; Figure 1 ) stored under −80°C were 7.14 ± 2.08 × 3 copy/μL (B24, 1.1% of B0; C t = 28.89 ± 2.34), respectively. All replicated samples were clearly positive for DENV-2, including those of B24 (8/8). The result indicated that in a nonsusceptible mosquito species, such as An. stephensi used in this study, which does not allow DENV-2 to replicate, 12 viral RNA titer will reduce gradually but remains detectable for at least 24 hours in the midgut.
Detection of viral RNA from FTA dried blood spots. Blotting biological samples on FTA card inactivates potential infectious pathogens in the collected environmental and clinical specimens and allows storage and transportation of the samples in room temperature. Viral RNA from FTA dried blood spots stored in ambient conditions was extracted and quantified to assess the recovery of DENV-2 RNA (Figure 4) . In this study, mosquito midgut specimens collected at sequential time points after blood feeding were blotted onto FTA cards and stored at room temperature for 4 weeks to test whether FTA card storage can stabilize viral RNA and preserve viral titer profile in the specimens. The DENV-2 concentration for FTA dried blood spots (N = 8) of midguts collected at time 0 was on average 2.23 ± 1.10 × 10 5 copy/μL (C t = 22.86 ± 1.00). When compared with the concentration of time 0 FTA spots (F0, set as 100%), the average DENV-2 RNA concentrations were 1.40 ± 0.94 × 10 5 copy/μL (F4, 63.0% of F0; C t = 24.24 ± 2.69), 3.55 ± 2.92 × 10 4 copy/μL (F8, 15.9% of F0; C t = 25.92 ± 1.41), 4.58 ± 6.25 × 10 4 copy/μL (F16, 20.5% of F0; C t = 27.70 ± 3.02), and 1.89 ± 1.39 × 10 3 copy/μL (F24, 0.8% of F0; C t = 30.40 ± 1.36) for FTA FIGURE 2. Recovery of nucleic acids from Whatman FTA cards. Aliquots of artificial whole blood with dengue virus type 2 (DENV-2) were collected before and after feeding mosquitoes, kept in vial (empty bars) or spotted on FTA cards (gray bars), and subjected to storage at −80°C and room temperature for 4 weeks, respectively, nucleic acids extraction, and quantitation by real-time reversetranscription polymerase chain reaction (qRT-PCR). The error bars are standard deviations of data for eight samples. Sequence data analysis. The nucleic acids extracts (Table 1 ) were subjected to an unbiased sequencing using the previously described method 14 ; however, the MiSeq was used in NGS of the random RT-PCR amplicons. The qRT-PCR assay specific for DENV-2 determined the absolute level, that is, the copy number concentration for viral RNA. In contrast, the sensitivity of viral detection by high-throughput NGS was expressed as viral sequence hits related to the total sequence reads, such as DENV reads per million MiSeq reads in this study (Table 1) . This method readily detected DENV-2 in the whole blood (CB0 and CB1) with DENV reads constituting about half of the MiSeq reads (56.53% and 46.97% of all sequence reads, respectively). The DENV percentage was much lower for CF0 and CF1 (14.03% and 3.55% of all sequence reads, respectively), suggesting that for extraction from FTA dried blood spots, recovery of viral RNA was less efficient than recovery of blood RNA. It is interesting that this difference was not observed in the comparison of frozen mosquito midguts with FTA midgut spots ( Table 1) . Despite the high titer of DENV-2 in the blood meal, there were only a small and variable number of viral reads in each of the frozen or FTA specimens. Moreover, the relative DENV abundance, that is, DENV per million total reads, determined by random sequencing did not correlate with the sampling hours. Though the sequencing results were not as explicit as qPCR, with the large volume of sequence data from MiSeq, the number of DENV reads in all FTA midgut samples and frozen midguts, except for B24, was evidently above the background level (no template controls) ( Table 1 ).
DISCUSSION
In this study, we investigated the suitability of using the mosquito blood meal as a convenient and untapped source for the surveillance of pathogens in human and animal blood. This approach is novel and essentially expands the capabilities of surveillance of mosquito-borne viruses. In addition, this method can be used in conjunction with NGS to identify known arboviruses and discover new potential transmissible agents that exist in the mosquito blood meal. The practical importance is intriguing and suggestive of a promising means of utilizing mosquitos as a "mobile" microliter blood-sampling device. The qRT-PCR results (Figure 2) showed that the reduction of dengue viral RNA in the blood meal is gradual, and it takes more than 24 hours of digestion before the viral RNA signal is abolished. Therefore, there is a large time window lasting for hours and viral RNA of sufficient quantity and integrity for sensitive viral detection with molecular assays or NGS-based analysis.
FTA cards have been evaluated for their usefulness in easy preservation and room temperature storage of various biological specimens for the downstream analyses of their protein and nucleic acids contents. 11, [15] [16] [17] [18] Ingredients on FTA cards inactivate potential biohazardous components in the sample †Water was used instead of nucleic acids to detect background contamination from the process in laboratory.
FIGURE 4. Dengue virus type 2 (DENV-2) in FTA dried blood meal spots for mosquito abdomens after blood feeding. Mosquito abdomen specimens, collected at 0-24 hours after blood feeding, were blotted on FTA cards (gray bars) and subjected to storage at room temperature, nucleic acids extraction, and quantitation by realtime reverse-transcription polymerase chain reaction (qRT-PCR). The error bars are standard deviations of data for eight samples.
applied on the card, allowing for safe and less expensive handling and shipping. 16, 19 In this study, we tested the technical aspects to verify the feasibility of using FTA cards to carry mosquito blood meal contents. By using the extraction procedure that included beadbeating and QIAamp viral RNA purification, we were able to obtain viral RNA recovery efficiency of approximately 15% from the dried blood spots and 20% or higher from the dried mosquito midgut blots on FTA. In a study by Stangegaard and others, 20 four protocols for extraction of DNA from FTA dried blood spots were tested, and their results showed that 50% or greater, depending on which method was used, of DNA contents on FTA cards were not recovered in the first extraction. Interestingly, all these methods used buffer and high-temperature incubation with shaking for 15 minutes to 1 hour to release DNA from FTA cards before DNA extractions. 20, 21 We speculate beadbeating facilitated breaking up FTA fiber matrices and disrupting the hardened dried blood spots to release viral particles and components, leading to the good yields of nucleic acid from FTA dried blood spots.
Samples in this study were analyzed by qRT-PCR and NGS for comparison. As well established and widely used diagnostic techniques, molecular assays are target based, sensitive, specific and can be quantitative. 22 In contrast, NGS is still relatively new for diagnostics use. 23 Sequencing-based diagnosis has attracted more and more attention and is believed to be broadly and routinely used in clinical and public health areas in the near future. 24, 25 However, the comparison of results clearly suggested the complexity of NGS data and the technical challenges and potential risks that need to be recognized and addressed carefully. Defining sensitivity or LOD for a NGS-based pathogen identification can be very difficult. NGS has single-base resolution and is, in theory, extremely sensitive-a single copy of pathogen-specific gene can be amplified, sequenced, and identified by the robust NGS and data mining. When the random amplification and sequencing approach is used, the detection of viral sequences is in proportion to the volume of quality NGS data collected for the analysis. Sensitivity may be defined as the number of viral sequence reads per million reads. As shown in this study, quantitative analysis for NGS data was not necessarily in correlation with the quantification from qRT-PCR ( Figure 3 , Table 1 ). For the use of NGS in clinical, epidemiological, and ecological fields, more studies are required to establish standard laboratory protocols, data analyzing tools, and results interpretation guidelines.
NGS analysis using an unbiased approach has been shown to have the advantage of discovery of novel or uncommon viruses. In several published studies, NGS was successfully used in identification of a few sequence reads of a pathogen, allowing subsequent clinical diagnosis made by including additional clinical evidence and/or confirmatory tests. [26] [27] [28] Our study showed that using recently blood-fed mosquitoes allows for detection of viruses that do not replicate and remain undestroyed inside the mosquito for sufficient and practical periods of time for collection. The procedure will be further tested and applied to field-captured mosquitoes. In addition to pathogen identification, sequence data analysis will be further developed to include genetic identification of mosquito species and host identity. If proven to be successful and informative, the method can be readily applied to other arthropods known to feed on humans or animals. CONCLUSIONS DENV-2 RNA in blood meal is stable for at least 24 hours in the mosquito midgut and, while it decreases over time, remains detectable for 24 hours after blood feeding. The FTA dried blood spots can be maintained at room temperature for weeks prior to PCR-or NGS-based diagnostics. The strategy has the potential to be used as a high-throughput tool for expedited zoonotic virus discovery and vector-borne disease surveillance.
